background: Ovarian aging is associated with declining numbers and quality of oocytes and follicles. Oxidative stress by reactive oxygen species (ROS) contributes to somatic aging in general, and also has been implicated in reproductive aging. Telomere shortening is also involved in aging, and telomeres are particularly susceptible to ROS-induced damage. Previously, we have shown that antioxidant N-acetyl-L-cysteine (NAC) effectively rescues oocytes and embryos from ROS-induced telomere shortening and apoptosis in vitro. Using mice as models, we tested the hypothesis that reducing oxidative stress by NAC might prevent or delay ovarian aging in vivo.
Introduction
Ovarian aging is accompanied by a remarkable decline in the ovarian follicle pool and oocyte reserve and an increase in low-quality oocytes that are not competent for further development (Faddy et al., 1992; Tatone et al., 2008; Broekmans et al., 2009) . The reduction in the number and deterioration in quality of oocytes with age is intimately related to a lack of germ cell replenishment in the ovaries. Germ cells arrest at diakinesis of prophase I stage for many years in human, and for weeks to months in mice. Structural degradation and chromosome damage that occurs during these long periods of arrest likely contribute to chromosome abnormalities and aneuploidy. Consistently, nuclear transfer fails to rescue age-associated meiotic nuclear defects in both the senescence-accelerated mouse model and in outbreed Kunming mice Cui et al., 2005) , indicating that age-related declines are specific to the nucleus. In association with premature sister chromatid separation, the cohesion between chromatids or chromosomes of oocytes is degraded as reproductive age increases (Liu and Keefe, 2008; Chiang et al., 2010; Lister et al., 2010) . Consistently, the incidence of chromosome misalignment associated with anomalies in the meiotic spindle increases with reproductive age (Battaglia et al., 1996; Liu and Keefe, 2002) .
It also has been well-established that human oocyte aneuploidy increases with age (Volarcik et al., 1998; Kuliev et al., 2005; Pellestor et al., 2005; Hunt and Hassold, 2008; Tatone et al., 2008) .
Most chromosome segregation errors in humans are of maternal origin (.80%), with the majority of these (.60%) caused by errors in chromosome segregation in meiosis I (Hassold and Hunt, 2001) . As a woman ages, her risk of having an aneuploid conception increases, and this correlation is known as the 'maternal age effect'. Aneuploidy is a leading cause of birth defects and a significant contributor to infertility in humans.
Oxidative stress occurs due to gradual accumulation of damage by free radicals that are generated during normal metabolism, and has been considered one major mechanism underlying organism aging (Beckman and Ames, 1998; Salmon et al., 2010) , and possibly also ovarian aging (Tarin, 1995; Behrman et al., 2001; Lim and Luderer, 2011) . Increased oxidative stress during ovarian aging may partially contribute to follicular atresia and to decline in the number and quality of oocytes (Tatone et al., 2008) . Increased reactive oxygen species (ROS) negatively affects multiple physiological processes from oocyte maturation to fertilization, embryo development and pregnancy, and is associated with the age-related decline in fertility (Agarwal et al., 2005) . Oxidative stress also directly damages telomeres and accelerates telomere shortening (Liu et al., 2003; Richter and von Zglinicki, 2007; Huang et al., 2010) . Telomere shortening and dysfunction could cause defects in meiosis, fertilization and embryo development, resulting in reproductive failure and infertility Keefe and Liu, 2009) .
Reducing oxidative stress by supplementation of antioxidants could potentially reduce ROS-induced damage, thus maintaining the number and quality of oocytes and follicles in women. There is increasing evidence for beneficial effects of the antioxidant N-acetyl-L-cysteine (NAC) in preventing ROS-induced damage and pathology. We have shown that NAC effectively reduces oxidative stress-induced telomere shortening, telomere fusion and chromosomal instability in oocytes in vitro, and improves oocyte and early embryo development (Liu et al., 2002b (Liu et al., , 2003 Navarro et al., 2006; Huang et al., 2010) . NAC also prevents oxidative DNA damage, chromosomal instability and the frequency of lymphomas resulting from reduced p53 (Sablina et al., 2005) , and significantly increases the lifespan, and reduces both the incidence and number of lymphomas, in Atm deficient mice (Reliene and Schiestl, 2006) . Likewise, in vivo treatment with NAC reverses the FoxO-deficient hematopoietic stem cell phenotype resulting from increased ROS (Tothova et al., 2007) . Remarkably, lifelong treatment with NAC by supplementing drinking water significantly increases the average and maximal lifespan, and reduces the rate of age-dependent weight loss and development of cataracts, in Bmal1-deficient mice (Kondratov et al., 2009) . Moreover, NAC is a clinically proved safe dietary supplement that may be useful in radiation therapy to prevent radiation-mediated genotoxicity (Reliene et al., 2009) .
We attempted to investigate whether NAC can effectively prevent reproductive aging and ovarian aging-associated infertility in mice. We hypothesized that female mice treated with NAC would have enhanced fertility and increased litter sizes until the age of 1 year, in contrast with the reduced litter size of the same aged, untreated mice.
Materials and Methods

Mice feeding and mating
Female Kunming mice (outbreed albino mice originated from the ICR strain) (Cui et al., 2005) at 4 weeks old were purchased from Vital River Laboratory Animal Technology Co. Ltd. and housed under 12:12 h light:dark in the specific pathogen free animal facility at the Institute of Hematology at Tianjin, Chinese Medical Academy, and the protocol was approved by the Institutional Animal Committee. Mice were divided into three groups: some were fed with normal water as a control, some were fed with water supplemented with 0.1 mM NAC (Sigma-Aldrich, St. Louis, MO, USA), and some were fed with water supplemented with 1 mM NAC. NAC as a 0.5 M stock was prepared in DDH 2 O once a month, aliquoted and stored in the dark at 2208C. Sterile drinking water was freshly made from the stock and changed every 3 days. Following treatment of NAC for 6 -12 months, some mice were randomly chosen to breed for evaluation of litter size and fertility. Others were used for studies of oocyte number and quality, telomere length and telomerase activity, and expression of genes related to aging and DNA damage.
For breeding, male Kunming mice at 8 weeks old were purchased from Vital River Laboratory Animal Technology Co. Ltd. Male mice with proved fertility were used for breeding experiments. Late in the afternoon, one female mouse was placed in the cage of one male and they were given water without NAC during the mating night. Next morning, successfully mated female mice with a plug were separated for various experiments. Female mice without plugs were put back in their own cages, and some were mated again but with other males. Females without plugs for three successive days were not used for breeding experiments. The number of offspring from pregnant mice was recorded.
Collection of zygotes and in vitro development
In initial experiments, 18 Kunming females at the age of 6 weeks old were divided into three groups of 6 females each given normal water without NAC supplement, 0.1 mM NAC, or 1 mM NAC in water. NAC-treated water was freshly made from 0.5 M stock solution every 3 days. After treatment for 2 months, females were injected with 5 IU equine chorionic gonadotrophin (eCG, Calbiochem, La Jolla, CA, USA) and then 5 IU human chorionic gonadotrophin (hCG, Sigma) 46 h later, and mated with fertile males. NAC treatment continued during the ovulation induction, but not during the mating night. Successfully mated females next morning were humanely sacrificed by cervical dislocation and zygotes were collected into potassium simplex optimized medium (KSOM) by breaking and release from the oviduct ampullae of the mice (Nagy et al., 2003) . Embryos were cultured in 50 ml droplets of KSOM with additional amino acids, covered with mineral oil at 378C in a humidified atmosphere of 6.0% CO 2 . Cleavage and embryo development were examined every 20 -24 h, and the number of cleaved embryos at 20-24 h and blastocysts 96 h were counted.
Oocyte collection
Female mice were superovulated by injection of 5 IU eCG, followed 46 -48 h later by 5 IU hCG. Females were humanely sacrificed and oocytes enclosed in cumulus masses were collected into KSOM by breaking and release from oviduct ampullae 14 h after hCG injection. Cumulus cells were removed by pipetting after brief incubation in 0.03% hyaluronidase prepared in KSOM containing 14 mM HEPES and 4 mM sodium bicarbonate (HKSOM) (Liu and Keefe, 2002) .
Immunofluorescence microscopy
Oocytes were processed for indirect immunofluorescence with anti-a-tubulin (Sigma) for microtubules as previously described (Liu and Keefe, 2002) . Chromosomes were stained with DAPI and images were captured using a Leica inverted microscope equipped with epifluorescence optics. To detect Oct4-positive cells, embryos were fixed in freshly prepared 3.7% paraformaldehyde, permeablized, incubated with anti-Oct4 mouse monoclonal antibody (sc5279, Santa Cruz), then with a fluorescence labeled secondary antibody. Embryos were mounted in Vectashield mounting medium (Vector Laboratories, CA, USA), with addition of 0.2 mg/ml Hoechst 33342 or DAPI. Oct4 positive and total cell nuclei were imaged using a Leica epifluorescence microscope and counted.
Telomerase activity assay
The telomerase activities of ovaries of each group were determined by the Stretch PCR method according to the manufacturer's instruction using TeloChaser Telomerase assay kit (TLK-101; TOYOBO, Osaka, Japan). Ovarian tissue from each group was lysed. Tissue lysis solution heat inactivated at 808C for 10 min served as a negative control. Embryonic stem cells served as a positive control. PCR products were separated on nondenaturing Tris/borate/EDTA-based 10% polyacrylamide gel electrophoresis and visualized with ethidium bromide staining. The gels were scanned, and the telomerase relative activity was estimated by quantification of the densitometry of the bands after subtraction of the background noise using Bio-Rad Quantity One software (Bio-Rad, Hercules, CA, USA).
Telomere length measurement by quantitative real-time PCR
Average telomere length was measured from total genomic DNA using a real-time PCR assay. PCR reactions were performed on the iCycler iQ real-time PCR detection system (Bio-Rad), using telomeric primers, primers for a reference control gene (the mouse 36B4 single-copy gene) and PCR settings as previously described (Liu et al., 2007a) . For each PCR reaction, a standard curve was made by serial dilutions of known amounts of DNA from the same tissues. The telomere signal was normalized to the signal from the single-copy gene to generate a T/S ratio indicative of relative telomere length.
Gene expression by real-time PCR
Total RNA was isolated using RNeasy mini kit (Qiagen), and RNA was subjected to cDNA synthesis using M-MLV Reverse Transcriptase (Invitrogen). PCR reactions were set up in duplicates using the FastStart Universal SYBR Green Master (Roche) and run on the iCycler iQ5 real-time PCR detection system (Bio-Rad). Each sample was repeated three times and analyzed with a-actin as the internal control. Primers (Supplementary data, Table S1 ) were designed using the IDT DNA website or Oligo6 software. The final PCR reaction volume of 20 ml contained 10 ml SYBR Green PCR Master Mix (Realtime Master Mix, Toyobo), 1 ml cDNA template, 1 ml primer mixture and 8 ml water. Thermal cycling was carried out with a 5 min denaturation step at 948C, followed by three-step cycles: 30 s at 948C, 30 s at 608C and 30 s at 728C. Amplification data were collected and analyzed using the iCycler iQ5 2.0 Standard Edition Optical System and the Software V2.
Statistical analysis
Percentages were transformed using arcsin transformation. Transformed data and other data were analyzed by ANOVA and means were compared by Fisher's protected least-significant difference using the StatView software from SAS Institute Inc. (Cary, NC, USA). For statistical analysis using the percentages, the x 2 test was performed. Significant differences were defined as P , 0.05, 0.01 or lower.
Results
NAC increases quality of fertilized oocytes for preimplantation development
Young mice fed with 0.1 or 1 mM NAC for 2 months (35 + 3 or 63 + 3, respectively) had more fertilized oocytes and intact oocytes than those of mice without NAC treatment (26 + 2; Fig. 1A and B) . Some oocytes at the time of collection did not yet show clear pronuclei. These intact oocytes were included as pronuclear oocytes, to distinguish them from fragmented or lysed oocytes. The percentages of fragmented and lysed oocytes were significantly reduced in both the 0.1 and 1 mM NAC groups compared with the control 0 mM NAC group. Quite a few oocytes collected from successfully mated mice lysed rapidly following release from oviducts but the reason for this was unclear. Notably, NAC significantly reduced the number of lysed oocytes or zygotes. Furthermore, blastocyst development from fertilized oocytes was significantly increased when mice had been treated with 0.1 or 1 mM NAC (90 and 85%), compared with the control 0 mM NAC (71%; Fig. 1C and D) . The total cell number was also higher in blastocysts from embryos of mice treated with 0.1 mM NAC, while the number of Oct4-positive (indicative of Inner Cell Mass) cells did not differ among the groups (Fig. 1D) . Thus, young mice treated with NAC for 2 months showed increased oocyte quality and enhanced early embryo development.
NAC delays the age-associated fertility decline
The next question was whether NAC was able to rescue the reduced fertility associated with age. Fertility of mice can be evaluated by litter size (pups born) from a female after mating with a fertile male. Distribution diagrams of pups (litter size) delivered from individual mouse shows that mice fed with 0.1 mM NAC produced more pups than those without NAC treatment, up to 9-10 months of age ( Fig. 2A) . When they were 7-8 months old, mice treated with 0.1 mM NAC produced a litter size (12 pups on average) indistinguishable from that of young mice 1-2 months old (14 pups on average), but significantly more than the same aged mice without treatment (7 pups) or mice treated with 1 mM NAC, which showed only a slightly increased litter size (Fig. 2B) . The average number of pups from mice fed with 0.1 mM NAC at the age of 9-10 months still was higher than that of similar aged mice without treatment, but the difference was not statistically significant, while little difference was seen at 11-12 months. The offspring of mice treated with NAC had body weight similar to that of young and old mice controls ( Fig. 2C and D) , indicating that NAC does not negatively affect body weight of offspring. These data suggest that the low dose of NAC delays age-associated infertility, but could not completely prevent eventual reproductive aging.
NAC reduces low-quality oocytes
About 30 oocytes on average were collected from young mice without mating following ovulation induction by treatment with hormones. In contrast, only an average of about 11-16 oocytes could be collected from mice at 6-7 or 12 months of age. The number of oocytes ovulated from mice treated with 0.1 or 1 mM NAC for either 6-7 months or 12 months did not differ from those of the same aged group of Prevention of ovarian aging by an antioxidant mice ( Table I ). The number of fragmented or lysed oocytes was also not significantly affected by NAC treatment in mice around 6-7 months (Table I ). Mice fed with NAC for 12 months, however, had significantly (P , 0.01) reduced numbers of fragmented or lysed oocytes, compared with the same aged mice without treatment (Table I) . These data are consistent with those of mice treated with NAC for 2 months following mating and fertilization (Fig. 1) .
Fragmented oocytes usually exhibit disrupted microtubule asters and scattered chromosomes, and aberrant organization of spindle and microtubules and misaligned chromosomes likely led to the fragmentation of the oocytes (Liu et al., 2002a) . We therefore analyzed the spindle morphology and chromosomal alignment of intact-appearing oocytes from each group and did not include fragmented oocytes. Most of oocytes from young mice showed wellorganized normal spindles with typical barrel shapes and chromosomes aligned at the equatorial metaphase plates, while only a few (,10%) showed abnormal spindles (Fig. 3) . The frequency of abnormal spindles and/or misaligned chromosomes was not affected by NAC treatment at 6-7 months of age. Mice at the age of more than 12 months showed a somewhat increased frequency (22.6%) of abnormal spindles and/or chromosomal misalignment, but this frequency of spindle and/or chromosomal abnormality was slightly reduced in oocytes from mice treated with 0.1 mM NAC (16.2%). However, there were no statistically significant differences in the percentages of intact oocytes with abnormal spindles and/or chromosomal alignment among the groups (Fig. 3B ). Higher doses (1 mM) of NAC did not show benefits, compared with the control.
NAC increases telomerase activity and telomere length and expression of Sirt 1 and 2 and c-Myc
We assayed mRNA expression of the NAD-dependent acetylases Sirt1 and Sirt2, considered to be 'anti-ageing' genes (Haigis and Percentage of blastocysts based on number (n) of cleaved 2-cell embryos, and total number of cells and Oct4-positive cells in blastocysts (n ¼ 8 -10). *P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001, compared with the control. Guarente, 2006) , the anti-apoptotic gene Bcl2, pro-apoptotic gene Bax, pro-proliferative gene c-Myc (Yang et al., 2004 (Yang et al., , 2009 ) and the DNA damage repair gene MLH1 (Blasi et al., 2006) . We also assessed telomerase activity and telomere length, since short telomeres have been considered as a biomarker of chronic oxidative stress or biological aging (Houben et al., 2008; Balasubramanyam et al., 2010; Valdes et al., 2010) .
Expression of Sirt1 and Sirt2 in the whole ovary did not differ significantly between mice at the age of 12 months and young mice (Fig. 4A) . However, mice fed with NAC (0.1 or 1 mM) for 12 month showed significantly increased expression of Sirt1 and Sirt2, compared with similarly aged mice without treatment (Fig. 4A) . Expression of apoptosis-related genes Bcl2 and Bax, and the DNA damage repair gene Mlh1 was not affected by NAC treatment. However, expression of c-Myc was significantly higher (P , 0.01) in the ovaries of mice fed with NAC for 12 months than in mice without NAC treatment (Fig. 4A) .
Telomerase activity was high in young mouse ovaries, but lower in aged mouse ovaries in three independent repeats (Fig. 4B) . Telomerase activity was higher in mice treated with 0.1 or 1 mM NAC, compared with that of untreated similar aged mice. In addition, ovaries of young mice showed longer telomeres, estimated by the T/S ratio, than did ovaries of old mice without treatment. Ovaries of mice fed with NAC exhibited longer telomeres, with a more significant increase caused by 0.1 mM NAC, compared with untreated, aged mouse ovaries (Fig. 4C) .
Discussion
Oocyte senescence, or germ cell depletion and dysfunction, accompanied by ovarian and follicular atrophy and aberrant endocrine profiles, makes a major contribution to reproductive aging, menopause and associated pathologies, including infertility (Coccia and Rizzello, 2008; Tatone et al., 2008) . A reduction in the quantity and quality months of treatment, compared with young mice at the age of 6 -8 weeks. Barrel-shaped spindles with chromosomes aligned at the metaphase plates are considered normal, whereas abnormally shaped or spreading spindles and chromosome misalignment (indicated by arrows) are abnormal. Green, FITC fluorescence labeled for a-tubulin; Blue, DAPI fluorescence for chromosomes. (B) Summary of spindle morphology and chromosome alignment by immunofluorescence microscopy. These data were from pooled oocytes and the percentage of abnormal oocytes per female was not determined. of oocytes is characterized by increasingly fewer oocytes available for producing embryos. Our data were consistent with the wellestablished principle that the number of oocytes is reduced, oocyte quality declines, and markers of cell senescence and aging increase, with advanced reproductive age.
We showed here that mice treated over an extended period with the antioxidant NAC exhibit increased the numbers and quality of oocytes, and improved embryo development. This is consistent with previous reports that administration of the oral antioxidants vitamins C and E also can counteract some of the negative effects of female aging on the number and quality of oocytes (Tarin et al., 2002) , and also that countering oxidative stress can reduce aneuploidy, with clinical implications for preventing maternal age-associated aneuploidy in human beings (Tarin et al., 1998) . NAC at high concentrations effectively suppresses apoptosis in cultured rat ovarian follicles caused by oxidative stress (Tilly and Tilly, 1995) . Appropriate NAC treatment may have reduced apoptosis and losses of healthy follicles during ovarian aging. Since oocytes and follicles are affected by oxidative stress, the ovary is likely a primary site for NAC action. While we speculate that the beneficial effects of NAC are mediated by its activity as an antioxidant, it is possible that NAC may act by increases in glutathione levels. However, the protective effects by antioxidant activity also could include function on the hypothalamus -pituitary -gonad axis, in addition to the ovary.
Telomere shortening is considered as a biomarker of cellular senescence and is associated with a wide range of age-related diseases (von Zglinicki and Martin-Ruiz, 2005) . Telomere dysfunction may contribute to reproductive aging-associated meiotic defects, miscarriage and infertility (Keefe and Liu, 2009) . Telomeres are particularly susceptible to oxidative damage and oxidative stress accelerates telomere shortening (Liu et al., 2003; Huang et al., 2010) , possibly explaining, at least in part, the established associations between telomere shortening and physiological aging (Starr et al., 2008) . Enhanced cell turnover during proliferative folliculogenesis under conditions of oxidative stress might be directly related to telomere shortening and ovarian aging when telomerase is reduced. Thus, protection against oxidative stress by NAC could directly contribute to maintenance of telomeres in aging mouse ovaries. Telomerase activity and maintenance of telomere length are critical for high survival and proliferation of germ cells and granulosa cells, and reduced telomerase activity plays an integral role in granulosa cell apoptosis and follicular atresia (Lavranos et al., 1999; Yamagata et al., 2002; Liu and Li, 2010) . Telomerase activity declines in the human ovary with age (Kinugawa et al., 2000) . Telomerase deficiency and shorter telomeres could contribute Prevention of ovarian aging by an antioxidant to the age-related decline in ovarian follicle number and infertility (Butts et al., 2009) .
While the oocyte controls and orchestrates granulosa cell and follicular development (Eppig et al., 2002) , survival and growth of oocytes also depend on complex patterns of cell communication between the germ line and soma in the ovary (Rodrigues et al., 2008) . c-Myc up-regulates human telomerase reverse transcriptase (hTERT) and activates telomerase activity of ovarian epithelial cells, skin cells and other cell types (Wu et al., 1999; Yang et al., 2004; Flores et al., 2006) . c-Myc also can bind to the Sirt1 promoter and induces Sirt1 expression (Yuan et al., 2009) . Sirt1 increases telomerase promoter activity and gene expression (Uchiumi et al., 2010) , and interacts with telomeric repeats, increases telomere length and attenuates telomere shortening associated with aging (Palacios et al., 2010) . Chronic exposure to NAC activates telomerase hTERT and inhibits telomere attrition, and significantly delays cellular senescence of diseased endothelial cells from some groups of patients (Voghel et al., 2008) . Treatment with NAC also partially rescues impaired proliferation of dyskeratin mutant cells that exhibit increased oxidative stress (Gu et al., 2011) . Telomerase activity is reduced in mice exposed to oxidative stress, and antioxidant therapy attenuates myocardial telomerase activity reduction (Makino et al., 2011) . Consistent with the above findings, in our study NAC robustly increased expression of Sirt1 and Sirt2, coincident with increased telomerase activity and telomere length.
The traditional view with respect to female reproduction is that the number of oocytes at birth is fixed and continuously declines towards the point when no more oocytes are available after menopause (Djahanbakhch et al., 2007) . Our study confirms that aging ovaries exhibit reduced numbers of oocytes, as well as reduced quality of oocytes. NAC rescue experiments showed that NAC cannot prevent but can significantly delay declined fertility associated with reproductive age. At 6-7 months, mice without NAC treatment produce a significantly reduced number of pups, compared with young mice at 6-8 weeks, whereas mice fed with NAC produce litter sizes only slightly different from that of young mice, but remarkably higher than the same aged mice without NAC. However, the beneficial effects of NAC gradually decline after the age of 9-10 months, so that mice fed with NAC for 11-12 months produce small litter sizes similar to that of the age-matched mice without NAC treatment. The reduced litter size with age is associated with a reduced number of oocytes. Failure to fully rescue ovarian aging by NAC could be related to exhaustion of existing germ cells without replenishment. It is likely that NAC has beneficial effects in reducing follicle atresia and ensuring oocyte quality, particularly reducing age-associated somatic and germ cell dysfunction, as shown by increased telomerase activity and telomere length, and activation of Sirt1 and Sirt2. However, oocytes could not be replenished further, possibly due to lack of germ cell renewal in the adult females, and also due to the greater use of oocytes to generate the greater number of pups in the NAC-treated females prior to the end of their reproductive age. These data indirectly support the established dogma that the number of germ cells is fixed in adult mouse ovaries and the initial endowment of ovarian follicles is not supplemented by an appreciable number of stem cells (Bristol-Gould et al., 2006; Faddy and Gosden, 2007; Liu et al., 2007b; Zhang et al., 2010; Notarianni, 2011) . As the overall reproductive lifespan in mammals is predetermined at birth by the number of oocytes in the ovary, the ovarian aging manifestations of menopause occur when the finite supply of oocytes are depleted. However, the results presented here using mice as a model suggest that this can be significantly delayed, which could possibly have clinical benefits for women who wish for delayed childbearing.
